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PREFACE 

This document is the final report on a program to investigate the 

feasibility of a simple fluidic input servoactuator to perform the 

series servoactuator function in a helicopter hydrofluidic stability 

augmentation system (HYSAS).    The work covered in this report was 

performed from April 1977 to March 1978 by the Avionics Division 

of Honeywell Inc., under Contract DAAJ02-77-C-0025.    The sponsor- 

ing agency was the Applied Technology Laboratory of the U.  S. 

Army Research and Technology Laboratories, Fort Eustis, Vir- 

ginia, with Mr. George Fosdick as Project Engineer. 
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SECTION I 

INTRODUCTION 

The extensible link or series servoactuator, which has been used 

with fluidic stability augmentation systems (SAS) for helicopters, is 

a modification of a conventional electrohydraulic servoactuator. 

The electromagnetic torquer (coil) is replaced with force capsules 

(bellows) to provide an input capability compatible with the fluidic 

SAS controller output, and mechanical feedback from the output 

cylinder to the armature is retained.   All other servoactuator charac- 

teristics are similar to those of an electrohydraulic servoactuator. 

Although this type of servoactuator has been in operation for some 

time and significant numbers have been built (more than 50), servo- 

actuator cost remains high. Some of the reasons for this high cost 

are the relatively high level of performance specified, the special- 

ized configuration, and the relatively low production volume as com- 

pared to electrohydraulic units.   At present, the fluidic input servo- 

actuator accounts for between 50 and 60 percent of the cost of the 

fluidic SAS. 

One of the competitors of the fluidic SAS is an electrical SAS con- 

troller (conventional rate gyro and electronics) driving an electro- 

mechanical servoactuator (motor and gears).    This system has a 

cost comparable to or even lower than the fluidic SAS.   One of the 

primary reasons for this is the lower cost of the electromechanical 

actuator.    In certain helicopter SAS applications, the reduced per- 

formance of the electromechanical servoactuator has been acceptable 

in view of this lower cost. 
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The purpose of this program is the development of a low-cost fluidic 

input servoactuator with sufficient performance to meet essential SAS 

operational requirements.   Past programs to develop fluidic servoac- 

tuators have been relatively unsuccessful in servoactuator cost reduc- 

tion, primarily due to the fact that the performance and features of the 

present higher cost servoactuators have been used as design require- 

ments.   Therefore, the problem solution becomes one of developing a 

fluidic servoactuator concept with performance and features equiva- 

lent to the essential requirements for a helicopter fluidic SAS servoac- 

tuator.   A summary of past fluidic servoactuator programs is present- 

ed in Appendix B. 

The objective of this program is to investigate the feasibility of a sim- 

ple fluidic amplifier-driven servovalve driving a spring-centered cyl- 

inder to perform the series servoactuator function in a helicopter hy- 

drofluidic stability augmentation system (HYSAS).   This report covers 

the design and testing of a breadboard model servoactuator to evaluate 

concept feasibility. 

12 



SECTION II 

SERVOACTUATOR DESIGN 

The initial servoactuator concept consisted of a high-pressure fluidic 

amplifier cascade driving a spring-centered cylinder.   During the 

initial design of this configuration and after preliminary fluidic amp- 

lifier tests had been run, it became apparent that the proposed concept 

had significant performance limitations in the areas of response and 

flow consumption.   As a result, the servoactuator design approach 

was modified to include a conventional spool valve between the fluidic 

amplifier and the cylinder.    This section presents the performance 

objectives for the servoactuator and a description of both the initial 

design approach, which was subsequently discontinued, and the alter- 

nate design approach, which was tested on this program. 

PERFORMANCE OBJECTIVES 

The principal performance objectives for the servoactuator are given 

below and a servoactuator specification is presented in Appendix A of 

this report. 

Output Stroke:   ± 0. 200 in. 

Output Force (at any stroke position):   Minimum - 2.0 lb. 

Maximum - to be consis- 

tent with the design, objec- 

tives of low cost, light- 

weight, etc. 

13 



3 Supply Flow:   1. 0 in.   /sec (max) 

Fluid/Temperature:   MIL-H-5606C at 100° ± 10oF 

External Load Resistance:      Irreversible within ± 5% of stroke 

(at any position) when subjected to 

an external load greater than the 

actuator output force. 

Dynamic Response (no load):   Equivalent to a -3 dB bandwidth 

of 3 Hz 

Controller Compatibility: Capability of operating with fluid sig- 

nals provided by existing HYSAS con- 

trollers. 

INITIAL SERVOACTUATOR CONCEPT 

Concept Selection 

Figure 1 shows a typical power jack and SAS actuator installation. 

With a pilot input that produces a movement of the control linkage 

(X.), the control valve spool is deflected causing an oil flow to the 

14 



power jack piston.    The power jack piston moves,  causing the control 

valve to recenter so that the power jack output (X ) equals the control 

linkage motion (X.).    When the HYSAS detects an angular rate, the 

HYSAS actuator provides an actuator output (AX) to the control valve 

spool that is superimposed on the pilot commanded input.   The HYSAS 

actuator acts as an extensible link in the control linkage so that the 

power jack output equals the combined pilot and SAS input (X. ± AX = 

The HYSAS servoactuator consists of a fluidic amplifier cascade, 

a spring-centered cylinder, and a pressure-off cylinder lock. 

Figure 2 is a functional block diagram of the servoactuator concept. 

In operation, the application of supply pressure pressurizes the 

fluidic amplifier cascade and mechanically unlocks the power cylinder. 

A control pressure signal from the fluidic controller (AP ) causes the 

fluidic amplifier cascade to produce an output differential pressure/ 

flow.    The power cylinder strokes until the pressure-generated 

cylinder force is balanced by the cylinder centering spring force. 

The servoactuator output position is proportional to the input con- 

trol signal pressure.   High rate centering springs are used in the 

power cylinder to minimize the effects of load force on the servo- 

actuator scale factor.   The high rate centering springs also are used 

to provide servoactuator stiffness (cylinder resistance to changing 

external load).   To provide 100 percent irreversibility in the absence 

of hydraulic supply pressure, a mechanical locking device locks up 

the power cylinder, and the servoactuator acts as a rigid link in the 

control linkage. 

15 
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Figure 1.   Typical Power Jack and SAS Actuator Installation 
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Figure 2.    Servoactuator Block Diagram (Initial Concept) 
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The servoactuator no load transfer function is approximated by the 

expression 

G{S) = Xo (S) = Ka V 
c s &m-' in. /psid 

Where: 

K   = fluid amplifier cascade pressure gain (P i i 1 

2 
A   = power cylinder area (in.   ) 

K   = centering spring effective spring rate s (£■) 
/_££* ] 
\in. 3/sec J 

AD ._  
 o   = power amplifier stage output resistance I •    3/_0_ -ßg-                          ■ {m.   i sec 

(average slope of P-Q curve) 

AP   = input signal differential pressure (psid) 

X   = servoactuator output position (inches) 

External Load Resistance Discussion 

The actuator external load resistance or stiffness is a measure of the 

servoactuator's ability to hold the command position under changing 

load conditions.   Because the HYSAS servoactuator is in series with 

the pilot's command linkage to the boost jack control valve, the 

servoactuator's operating stiffness must be adequate to transmit the 

17 



command link motion with sufficient fidelity.    To obtain 100 percent 

transmission fidelity, the servoactuator would have to have 100 per- 

cent irreversibility.    Inspection of the servoactuator transfer function 

shows that the simple spring-centered servoactuator stiffness is a 

function of the spring rate of the centering spring and the ratio of the 

pressure-generated cylinder force to the deflection-generated center- 

ing spring force.    Therefore, any external load forces in excess of the 

net cylinder force generated by the fluidic amplifier cascade output 

pressure would cause the cylinder to back up. 

The recommended stiffness objective of ±10 percent stroke with the 

application of ±2.0 pounds external load was based on the simple 

open-loop servoactuator concept.   The 2. 0-pound output force was 

based on a value of four times that stated as normal for typical boost 

jack control valve operation.    If the boost jack is operating normally, 

the normal deviation in control linkage transmission fidelity caused by 

the stiffness recommendation would be approximately 0. 25 percent of the 

pedal motion.   If the boost jack control valve force increased for some 

reason to 2. 0 pounds, the deviation in control linkage transmission 

fidelity would be approximately 1. 0 percent of the pedal motion.   If the 

boost jack control valve jammed solid, the deviation in control linkage 

transmission fidelity would be approximately 10 percent of the pedal mo- 

tion (0. 200 inch actuator motion equals 10 percent pedal motion).   If 

the HYSAS supply pressure is turned off, the servoactuator would 

be mechanically locked and the control linkage transmission fidelity 

becomes 100 percent. 

18 



Servoactuator Sizing Calculations 

Servoactuator sizing is based on performance objectives.   Inspection 

of the servoactuator transfer function showed: 

• Servoactuator output force to the load is a function of cylin- 

der area, fluid amplifier cascade output pressure, and power 

cylinder centering-spring force.    Cascade power amplifier 

output pressure is a function of supply pressure. 

• Servoactuator scale factor is a function of fluid amplifier 

cascade pressure gain, cylinder area, and spring rate of the 

cylinder centering springs. 

• Servoactuator dynamic response is a function of the first- 

order lag time c onstant determined by the power fluid amp- 

lifier output r sistance and the spring-centered power 

cylinder capacitance.    These parameters are related to the 

cylinder area, the spring rate of the centering springs, and 

the power amplifier P-Q curve slopes, 

• Although not indicated from the servoactuator transfer func- 

tion, the fluid amplified cascade supply flow is a function 

of supply pressure, fluid amplifier power nozzle size, and 

number of amplifiers in the cascade. 

From the preceding discussion, it is seen that there is a significant 

interdependance of design parameters on the various performance 

parameters.     To initiate servoactuator sizing, it is necessary to 

select some parameter and initial conditions for calculation purposes. 
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Iterative calculations will then determine potential conflict between 

performance objectives.   As a starting point, the design goal per- 

formance objectives are ranked in descending order of importance 

for design calculation purposes. 

1. Output force to load and stiffness 

2. Dynamic response 

3. Supply flow rate 

4. Servoactuator scale factor 

With respect to the performance objective order of ranking, output 

force and stiffness are considered to be critical.   The actuator must 

have sufficient force to actuate the boost jack control valve; and the 

actuator stiffness,  when the actuator is operating, must be sufficient 

to permit reasonable control linkage motion transmission fidelity,   A 

servoactuator used in a HYSAS application must have these capabili- 

ties.    Minimum dynamic response is considered next in importance.as 

dynamic response must be adequate to meet minimum HYSAS system 

requirements.   Supply flow is considered next,as the helicopter 

HYSAS hydraulic power supply capacit3' is limited.    Servoactuator 

scale factor is considered last,as this is a factor in overall HYSAS 

system gain, and it is understood that the gains of existing HYSAS 

controllers could be easily increased, if necessary. 

Power Cylinder - Power cylinder sizing is based on the following 

assumptions: 

Pressure-gene rated cylinder force (F ) at maximum input 

to the fluid amplifier cascade is 22 pounds. 

20 



• Spring force (F ) at maximum cylinder stroke is 20 pounds 
S 

to provide 2 pounds force to load at maximum cylinder 

stroke and a maximum input signal. 

• Fluid amplifier cascade output pressure (ÄP0) at maximum 
input signal is 110 psid. 

F^ = AP   A    =  110 An ■ 22 lb pop P 

A   = 22/110 = 0.20 in.2 

F    = K X    = 20 lb 
s       so 

X   = ± 0. 200 in. o 

K   = 20/0.20 = 100 lb/in. s 

For two springs initially in compression, the individual spring rate is 

one half the effective composite spring. 

K'  = Ks    = 100/2 = 50 lb/in. 

The power cylinder design parameters are: 

• ±0. 200 in.  stroke 
2 

• Effective area = 0.20 in. 

• Spring rate of each centering spring = 50 lb/in. 

21 



With the power cylinder centering springs selected to provide an 

effective spring rate of 100 lb/In. (Kg)f the actuator stiffness is 

100 lb/in.   The actuator output force to the load at maximum input 

signal will be; 

• at mid-position the output force is 22 lb 

• at one"half stroke the output force is 12 lb 

• at full stroke the output force is 2 lb. 

Fluid Amplifier Cascade -  The fluid amplifier cascade design is 

based on the following assumptions: 

• Due to the limited scope of the program, an existing fluid 

amplifier design was used, as the program did not allow for 

special amplifier development work. 

• The AC 17920-43 fluid amplifier design was selected.    This 

is a power-type fluid amplifier with a 0. 020-X 0. 020-inch 

power nozzle developed for actuator driving applications 

using supply pressures in the 150 to 2000 psig range. 

A two-stage AC 17920-43 fluid amplifier cascade was tested at supply 

pressures of 140 psid, 200 psid, and 400 psid over an oil temperature 

range from 83° to 1750F.    Figure 3 shows cascade blocked actuator 

port pressure gain curves for three supply pressures at the nominal 

test oil temperature condition.   Figure 4 shows a plot of pressure 

gain versus oil temperature.    It is seen that relatively constant pres- 

sure gain is achieved at the 400 psid supply condition.   Reynolds num- 

ber approximations indicate that the cascade is operating in the 

turbulent flow regime at the 400 psid supply condition.   At the 140 

22 
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psid and 200 psid supply conditions, the cascade operates over the 

laminar, transition, and turbulent flow regimes.   The cascade gain 

change with oil temperature change is believed to be due to changes 

in power jet velocity profile,  jet deflection sensitivity, and other 

factors.   To operate over the design goal oil temperature range with 

relatively constant gain,  it is concluded that the cascade must be 

operated in the turbulent flow regime.    For the 400 psid supply pres- 

sure condition,  it is estimated that the cascade gain will increase 

somewhat as the oil temperature is reduced below 80oF. 

Figure 5 shows the measured load pressure-load flow (cylinder ports 

in series) (P-Q) envelope limit curves for the AC 17920-43 amplifier 

at the 140 psid, 200 psid, and 400 psid supply pressures.   Available 

test equipment was no* adequate for P-Q curve measurements at les- 

ser input signal pressures.   Normally, the P-Q curve shapes at les- 

ser input signals are the same as the limiting envelope, but terminate 

at lesser load flow and load pressure levels.    The servo-dynamic 

response bandwidth is a function of the power amplifier output resis- 

tance, as defined by the slope of the P-Q curve.   For the cylinder 

design parameters defined, a P-Q curve slope (average) of 130 psi/ 

eis is necessary to achieve the -3 dB bandwidth of 3 Hz.   From the 

measured data, it was concluded that the output resistance of the 

AC 17920-43 amplifier design is too great for the intended application. 
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Servoactuator Predicted Performance Summary 

Based on the measured performance of the AC 17920-43 fluid ampli- 

fier cascade and power cylinder design parameters, the following 

performance predictions and comparisons with design goal objectives 

were made: 

Performance Parameter Contract Design Goal 

± 0.200 

2 

Actuator Stroke (in.) 

Min. Output Force (lb) 

Stiffness (operating) (lb/in.) irreversible 

Stiffness (no pressure)   

Scale Factor (in. /psid) 0. 10 

Signal for full stroke (psid) ± 2 
3 

Supply Flow (max.) (in. /sec) 1.0 

Supply Pressure (psid)(nomJ 200 

Dynamic Response 3 Hz, -3 dB bandwidth 

Predicted Result 

±0.200 

2 

106 

irreversible 

0.0377 

± 5.35 

2.03 

400 

1.2 Hz.  -3 dB 
bandwidth 

General Conclusions 

1.     Other than the low friction requirements of the power cyl- 

inder, servoactuator performance is determined by the 

operational characteristics of the driver fluid amplifier or 

casc.'ide.    Because relatively constant cascade gain over the 

operating fluid temperature range is required, it was con- 

cluded that operation in the turbulent flow regime is the 

most practical approach. 
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3 
2. The 1. 0 in.   /sec maximum power flow requirement is Im- 

practical to achieve servoactuator compatibility (scale 

factor) with existing HYSAS controllers.    This supply flow 

limitation also makes it highly doubtful that the power amp- 

lifier can be designed in a practical size and achieve the 

desired output resistance (P-Q curve slope). 

3. Without resorting to an extensive fluid amplifier develop- 

ment effort, it was concluded that the servoactuator pre- 

dicted performance could be upgraded to a 2 Hz, -3 dB 

bandwidth response and be compatible with existing HYSAS 
3 

fluidic controllers if the supply flow limit of 1.0 in.   /sec 
3 

was raised to approximately 3. 0 in.   /sec at nominal test 

conditions. 

4. There is little likelyhood of meeting the servoactuator per- 

formance goals as specified in the contract.    Therefore, the 

technical effort was redirected to the alternate servoactuator 

design described in the next section. 

ALTERNATE SERVOACTUATOR CONCEPT 

As a result of the problems encountered with the initial servoactuator 

design, an alternate mechanization was defined.    The components of 

the alternate design are the same as those used In the initial design 

with the addition of a conventional spool valve.   The power fluidic 

amplifier and the spool valve are combined to obtain a pressure con- 

trol servovalve that drivet the spring-centered power cylinder.    The 

advantages of the addition of the spool valve are:   (1) it provides the 
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flow gain and low output impedance needed to provide acceptable 

actuator response without high supply flow leakage, and (2) because of 

the small spool motions, higher amplifier output impedance can be 

tolerated without producing significant lags in the servoactuator. 

Figures 6 and 7 show two approaches to the alternate servoactuator 

design.    The two configurations are the same with the exception of the 

type spool valve used.   In the configuration shown in Figure 6, a flow 

control spool is used with pressure feedback around both the fluidic 

amplifiers and the spool valve.   In the pressure control spool con- 

figuration shown in Figure 7, the primary feedback is internal to the 

spool valve.   However, some feedback is also used around the amp- 

lifier cascade for final scale factor adjustment.    The following sub- 

sections summarize the servoactuator design analysis performed for 

the two configurations. 

General Design Considerations 

The general design parameters for the servoactuator are: 

Scale Factor 0. 1 in. /paid 

Stroke ±0. 2 in. 

Estimated Friction 2 lb 

Piston Area (A ) 0. 2 in. 
P 
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CYLINDER 
LOCK 

I 
IN ^_^ FLUIDIC F LOW CONTROL SPRING 

CENTERED 
ACTUATOR fl AMP SPOOL VALVE 

BLOCK DIAGRAM 

SCHEMATIC 

Figure 6.   Servoactuator — Flow Control Spool Configuration 
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Figure 7.    Servoactuator — Pressure Control 
Spool Configuration 
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The following table lists:   (1) the maximum spool output pressure re- 

quired, AP   (max.); (2) the maximum piston force due to spool pres- 

sure,  F    (max.); and (3) the actuator deadband due to friction for 

several spring rate values of the cylinder centering springs, K  . 

1 

AP (max.) -psid 

F (max.) - lb 

Deadband - % 

Spring Rate (lb/in.)            | 

100 150 200       | 

100 

20 

10 

150 

30 

6.7 

200       1 

40       i 

5       1 

As shown, increased centering spring rate results in lower deadband 

due to friction, but requires higher output pressures, which means 

higher servovalve pressure gain required.   A nominal spring rate of 

200 lb/in. was selected. 

The minimum spool flow requirements are based on the cylinder 

velocity required for 50 percent amplitude at a frequency of 3 Hz. 

X = (0. 5)(0.2) sin 18. 8t 

V = 1. 88 cos 18. 8t or 1. 88 in./sec (max.) 

Using 2 In. /sec velocity gives a minimum flow requirement of 

2 x 0.2 ■ 0.4 in. 3/sec. 
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Flow Control Spool Configuration 

The preliminary analysis of this configuration using a free spool 

indicated that the servoactuator would have very low damping.   There- 

fore, a spring centered spool was selected for this design.    The 

simplified block diagram shown in Figure 8 was used to determine the 

transfer function for the servoactuator. 

^ FH 

-A 

FLUIDIC 
AMPLIFIER 

ÄPA SPOOL 
VALVE in^ T* 

CYLINDER 

1 
- 

X 

KL + 1/RS 

Kfb W*p ^ 1   V 

Figure 8.    Block Diagram Used to Determine the Transfer 
Function for the Servoactuator Using the Flow 
Control Spool Configuration 

where: 
Ka   = Amplifier Pressure Gain (psi/psi) 

Kv  = Spool Valve Flow Gain (in. 3/sec/psi) 

Ap   = Cylinder Area (in. 2) 

Ks   = Centering Spring Rate (lb/in.) 
Kfb ' Pressure Feedback Gain (psi/psi) 

K,    = Cylinder Leakage (in. 3/sec/psi) 

Rs   = Spool Valve Output Resistance 
(psi/in.'/sec) 

To be determined (TBD) 

To be determined (TBD) 

0.2 

200 

To be determined (TBD) 

«5x lO"4 

«400 
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The transfer function is 

K K  ^ 
Xp    _    a  v    p 

A* S + Ka (K, +    /R ) + K K/K» Ka p si s avibs 

Using the parameter values from above, the scale factor and time 

constant are 

K K  ^ 0. 2 K K   1 

a  v    p a  v 
O C1 ^ ■ ■■■!■■ - ■      ■        I        -■■ A   ■       ■        ■     ■ ——■■       ■       . _ I I  -     I      !   ■■! H 

*    *      K    (K, +    /R ) + K K    K^K '     200K K    K-.   + 0.6 
si            s         avfbs avfb 

A.   2 0.04 

K    (K, + ^R ) +K K   ^-K 200K K   ^KT + 0. 6 
si s avfbs avfb 

Assuming a scale factor of 0. 1 in. /psi and a time constant of 0. 05 

second are desired, the gain values required are 

KaKv = 0. 4 in. 3/sec/psl K^ = 0. 0025 psi/psi 

It was concluded that the described actuator design provides adequate 

response with reasonable gain requirements.   Values of KY of 0. 01 

in, "Vsec/psi are obtainable from standard spring-centered spools, 

which means a fluidic amplifier gain of 40 would be required. 

34 



Pressure Control Spool Configuration 

The simplified block diagram shown in Figure 9 is used to determine 

the transfer function for the servoactuator using a pressure control 

spool.   Secondary effects, such as the dynamics between the amplifier 

cascade and the spool and the cylinder mass, friction, and leakage, 

are neglected for this analysis. 

FLUIDIC 
AMPL. 

AP, 

CYLINDER 

SPOOL 
VALVE *rO VKs 

K2(1+TS) v 

♦—• 

Figure 9.   Block Diagram Used to Determine the Transfer 
Function for the Servoactuator Using a 
Pressure Control Spool 

The servoactuator transfer  function is: 

APr 

K K A 
a  v p 

2.c2 . „ *  2, K-A "rS" +K0A "8 + K 2   p 2   p s 

Using the following parameter values 

Ap = 0. 2 in. 2 

Ks = 200 lb/in. 

K2 ■ 50 psi/in. ^/sec 

T    = 0.016 second 1 from Moog technical bulletin 

#103 
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The transfer function becomes: 

X0 6.25KaKv 

APc    "   SZ + 2 (. 4) 79S + (79)2 

For the required scale factor of 0. 1 in. /psid 

KaK    = 100 psi/psi 

It was concluded that the described actuator design has more than 

adequate response and that the pressure gain requirements are within 

present capability.   A typical pressure control spool has a pressure 

gain of about 2. 5, which means a gain of 40 is required in the fluidic 

amplifier cascade. 

Component Design 

Fluidic Amplifiers -  The fluidic amplifier cascade requirements are 

based on the requirements for the two configurations. 

• Gain - Amplifier pressure gain should be at least 40.   This 

should be obtainable with two amplifier stages. 

• Output Range -   For the pressure control spool, the output 

range is the spool maximum output pressure (200 psi) divided 

by the spool pressure gain (2. 5) or a requirement of 80 psid. 

For the flow control spool, the required range is the spool 

flow range (0. 4 in. 3/sec) divided by spool flow gain (0. 01 

in. 3/sec/psi) or 40 psid. 
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• Output Impedance - The output resistance of the fluidic amp- 

lifier combined with the capacitance of the spring-centered 

spool produced a first-order lag in the servoactuator.    It is 

assumed that the time constant of this lag should be less 
-5      5 than 0.01 second.    Using a value of 10     in.   /psi for the 

spool capacitance, the amplifier output impedance must be 

less than 1000 (lb-sec)/in.   .   Based on earlier tests with a 

0. 020-by 0. 020-in.-size amplifier, which has an output resis- 

tance of approximately 300(lb-sec)/ln.   ,   a minimum ampli- 

fier size of 0.011 by 0.011 in.  was calculated.    Therefore, a 

0.015-by 0. 015-in,-size amplifier was selected. 

• Power Flow - Using the given amplifier size and a supply 

pressure of 200 psi, a power flow of 0, 32 in. ^/sec   is cal- 

culated.   Assuming two stages, the total flow should be 

less than 0.65 in. 3/sec; this leaves 0. 35 in.   /sec for the 

spool valve,  which should be adequate. 

Data was taken on both single-stage and two-stage amplifiers of the 

FG1004AA06 design.    This amplifier has a 0.015-by 0. 015-in, power 

nozzle and is the design used for an earlier fluidic SAS program. 

Figure 10 shows gain versus supply pressure data for this amplifier. 

The curve for two stages shows a gain variation between 88 and 132 

over a supply pressure range of 50 to 300 psi.    This is equivalent to 

a Reynolds number range of approximately 400 to 1400 or an Increase 

by a factor of 3. 5 to 1.    Over the fluid temperature range of 40° to 

180oF, the Reynolds number changes by a factor of 6 to 1 (at constant 

flow).   This indicates that gain variation may be a problem.   However, 

the feedback in the servovalve, particularly in the flow control spool 
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configuration, will reduce the effect on the total servoactuator gain 

stability. 

During testing of the servoactuator at low oil temperature, it was 

found that the gain of the FG1004AA06 amplifier decreased greatly. 

Part of this is due to the relatively long power nozzle of this ampli- 

fier, which creates a large viscous pressure loss at low oil tempera- 

ture.   A second amplifier design, the FG1004AA05, which is similar 

except for a shorter power nozzle, was substituted for the tempera- 

ture testing performed later.    Figure 11 is a picture of the two amp- 

lifier styles used during the pr ^gram. 

Spool Valves - Both units are standard designs available from Moog 

Inc.    The flow control unit is a Series 21 valve with a spring-centered 

spool.    The pressure control unit is a Series 15 valve.    Table 1 

summarizes the major performance characteristics of the two units. 

Figure 12 is a picture of the two spool valves. 
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Figure 11. Fluidic Amplifier Elements 

PRESSURE CONTROL SPOOL ~ FLOW CONTROL SPOOL 

Figure 12. P ressure Control and Flow Control Spool 
Valves 
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TABLE 1.    MAJOR PERFORMANCE CHARACTERISTICS 

OF THE FLOW CONTROL 

AND PRESSURE CONTROL SPOOL VALVES 

|   Parameter Flow Control Press Control   | 

Supply Pressure (psi) 250 250 

Rated Flow (in.3/sec) 1.0 1.0                        ( 

Flow Gain (in. 3/sec/psi) 0.008 -- 

Pressure Gain (psi/psi) >50 3.3 

|   Internal Leakage (in,   /sec 
at 250 psi) 

<0.25 <0.25 

I   Output Impedance (psi/in. 3/sec) <500 <50 

Null Stability (%) <10 <10 

Spring-Centered Cylinder - Objectives of the power cylinder configur- 

ation concept are simplicity, low cost, and low seal friction.    Figure 

13 is a sketch of the power cylinder concept.    The power cylinder 

consists of a cylinder body, piston/rod assembly, ball/spring detent 

(lock), end caps, and piston seals.    Teflon rings backed with O-rings 

are used to provide low friction seals.    The ball/spring detent pro- 

vides the cylinder lock function. 

To unlock the cylinder, supply pressure is admitted to the annular 

chamber on the piston (chamber between the piston seal lands).    The 

supply pressure also acts on the underside of the ball detent, and the 

pressure difference across the ball causes it to be pushed up into the 

cylinder body, unlocking the cylinder.   The cavity containing the detent 

spring is vented to return,to ensure that a differential pressure exists 

across the ball at all times when the cylinder is pressurized.    The 
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annular chamber on the piston, detent spring cavity, and detent ball 

is sized to ensure that adequate differential pressure is provided 

across the detent ball to produce operation.    The locking spool has an 

O-ring seal to minimize leakage through the locking device.   The 

detent spring force is selected to be only large enough to ensure de- 

tent operation when the supply pressure is turned off. 

From Figure 13 it is seen that the cylinder body has a straight- 

through bore with end caps.    The centering springs are dropped into 

the cylinder and held in place by the end caps.   Standard catalog 

springs are used, and the spring preload is controlled by selecting 

the appropriate cylinder, piston, and spring lengths.   Because the 

piston and cylinder are sized with a small diametral clearance, the 

end caps do not have pilot plug ends, but are allowed to float. 

The end cap screws are tightened selectively to ensure that minimum 

cylinder friction is obtained.    This approach is selected to avoid 

the costly, close-tolerance parts manufacture required for piloted 

end cap installation.   To facilitate field repair and rebuild, the end 

caps could be drilled and pinned after installation.   This vould pro- 

vide end cap location for low cylinder friction without the selective 

screw tightening process initially used. 

It is also noted that the detent ball and spring would be installed 

through an external opening in the side of the cylinder body. The 

detent would be installed after the cylinder had been assembled and 

mechanically checked for low friction. 

Figure 14 shows the assembled cylinder with a position potentiometer 

attached to the output shaft for recording of cylinder position. 
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It should be noted that the sp r ings shown on the two ends of the 
cyl inder pis ton, outside of the cyl inder body, a r e in addition to the 
in ternal center ing spr ings . Standard sp r ings , with a spring r a t e of 
100 lb / in . each were not avai lable , and, t h e r e f o r e , two sp r ings , one 
in ternal and one ex te rna l , were used on each end of the pis ton to 
obtain a total center ing spr ing r a t e of 200 l b / i n . F igure 15 shows 
the var ious p a r t s of the cyl inder a s sembly . 

F igu re 14. Spr ing-Cente red Cylinder Assembly 

Feedback Network - The feedback network cons i s t s of two smal l 
valves and four o r i f i ce r e s i s t o r s . They a r e incorpora ted in a smal l 
block s i m i l a r to that used for feedback in some of the SAS c i r cu i t s . 
The schemat ic d i a g r a m s of F i g u r e s 6 and 7 show the br idge config-
urat ion used fo r feedback s ignals . Each feedback path cons i s t s of 
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Figure 15. Spr ing-Centered Cylinder Components 
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a fixed resistor (orifice) in series with a variable resistor (valve) 
with a fixed resistor (orifice) from a point between the two series 
resistors to return pressure.   This network provides better control of 
feedback signals than a single valve.   The feedback block is shown 
in Figure 16 along with the fluidic amplifier cascade. 
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SECTION III 
PERFORMANCE TESTS 

COMPONENT TESTS 

Fluldic Amplifiers 

Figures 17 and 18 show the performance of the two-stage amplifier 
cascade including the input resistors (orifices) used to isolate the 
feedback signal from the input.   Figure 17 shows performance with 
zero feedback (maximum gain), and Figure 18 shows performance 
with the gain reduced by a factor of two using feedback.   The curve on 
the right in each figure shows the center part of the curve (different 
scales used) which would be used during normal servo valve operation. 
The curve on the right in Figure 18 has approximately the gain (35) 
and the range (ißO psid) required to drive the actuator stop-to-stop 
using the pressure control spool valve.   The output noise under this 
condition is approximately ±0. 5 psid or less than 1 percent of the 
range to be used.   The amplifier and feedback assembly are shown 
In Figure 16. 

Spool Valves 

Flow Control Spool — Figure 19 shows input/output curves for the 
spool valve at three supply pressure values.   The output noise is 
associated with the relatively high gain of the spool valve and the 
input noise from the driving fluidic amplifiers.   A supply pressure 
of 400 psi was selected for subsequent servoactuator testing.   At this 
condition, the spool valve has a pressure gain of approximately 113. 
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Pressure Control Spool -- Figure 20 shows input-output curves for the 

pressure control spool valve at four supply pressures.   The pressure 

gain of the valve is essentially constant at 3. 2 psi/psi over the range 

of supply pressures tested.   An output range of at least ±200 psi is 

required to move the cylinder to its full travel; therefore, a supply 

pressure of 400 psi was selected for this valve. 

Spring-Centered Cylinder 

Figure 21 shows the input-output curve for the spring-centered cylin- 

der.    Friction in the cylinder, which shows up as actuator deadband, 

was a problem.   Two actions were taken to reduce the friction to the 

level shown in Figure 21: (1) the major diameter of the threads of the 

piston rod ends were cut down to avoid damaging (gouging) the rod 

end seals during installation, and (2) slightly smaller wire springs 

were installed inside the cylinder to prevent rubbing on the piston rod 

and cylinder walls.   The total centering spring rate of 180 lb/in. 

and the cylinder area of 0. 2 in. 2 result in the cylinder scale factor 

of 0. 001 in. /psid.    The curve on the right in Figure 21 shows the full 

output range of approximately ±0. 20 inch.and the curve on the left 

shows approximately ±50 percent of the output range on an expanded 

scale.   The deadband is ±5. 6 percent of full scale-output, which is 

equivalent to a friction level of ±2. 0 pounds. 

The cylinder locking device was tested and found to operate satisfac- 

torily.   A supply pressure of approximately 70 psi is required to 

release the lock.   In actual operation, the spool valve supply pressure 

of 400 psi is used to unlock the cylinder. 
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NOMINAL PERFORMANCE TESTS 

Flow Control Spool Configuration 

Figure 22 shows the gain of the servovalve (amplifiers and spool) and 

the gain of the servoactuator (amplifiers, spool, and cylinder) with 

the feedback adjusted to give a scale factor of 0, 115 in. /psid.    In this 

case, the feedback has reduced the open loop gain by a factor of 

approximately 35.    The actuator hysteresis has been reduced substan- 

tially for this circuit configuration, due to the noise which provides a 

dither signal to the cylinder. 

Figure 23 shows variation in gain for change in supply pressure.    A 20 

percent change in supply pressure results in a 30-percent change in 

gain with an increase in supply pressure producing a gain decrease. 

This pressure sensitivity is due to feedback network gain change, 

which also is the cause of the fluid temperature sensitivity described 

later in this report. 

Figures 24,  25,  26, and 27 show response curves for various parts of 

the circuit.   Figure 24 shows the response of the amplifier cascade 

with the flow control valve spool as a load.   The flow control spool 

has a spring-centered spool that is a capacitance load on the amplifier. 

This curve has, in addition to the time delay associated with the two 

amplifiers, a small fir3t-order lag due to this capacitance.   Figure 25 

shows the response of the cylinder alone,  and Figure 26 shows the 

response for the servovalve including the amplifier and the spool valve 

with feedback.   The total servoactuator   (which is the combination of 

the curves in Figures 25 and 26)   is shown in Figure 27,     The 
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servoactuator shows 3 dB attenuation at approximately 3. 5 Hz, which 

slightly exceeds the objective of 3 Hz. 

Figure 28 shows the breadboard servoactuator assembly with the elec- 

tric-to-fluidic input signal transducer.   Tables 2 and 3 summarize the 

performance of the servovalve and servoactuator using the flow con- 

trol spool at nominal supply conditions.   The performance goals of 

the specification in Appendix A are given for comparison.    In general, 

the servoactuator performance meets or exceeds the goals.   The two 

marginal areas are linearity and load resistance.    Linearity in- 

cludes the effects of hysteresis and curvature of the gain curve.   The 

principal reason for the relatively high nonlinearity is the curvature of 

the gain curve near full stroke.    Linearity is considerably better over 

the center +50 percent of stroke.   The actual load resistance value is 

slightly higher than the goal because the actual centering spring rate 

is approximately 10 percent lower than initially anticipated. 

Pressure Control Spool Configuration 

Initially, this configuration had the negative feedback coming from the 

output of the spool valve.    However, problems of instability were en- 

countered with this configuration; therefore, the feedback was changed 

to the configuration shown in Figure 7.   It appeared that the friction 

in the cylinder combined with the cylinder capacitance resulted in 

pressure fluctuations causing a self-excited oscillation under certain 

conditions.   Some of this effect occurs even with the feedback 

relocated due to the internal feedback within the spool valve from out- 

put to input.   Figure 2S slows gain curves for the complete servo- 

actuator and for the servovalve (sum point input to output of spool 
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valve) with feedback.   The stepping action shown in the curves is asso- 

ciated with the effect described.    Figure 30 shows servoactuator ^ain 

curves,  for the same conditions, with full output range shown in one 

case and ±50 percent range shown in the other.   In both cases, the 

deadband is ±4. 5 percent of the total range.   The improvement in dead- 

band, over the cylinder only case shown in Figure 21,  is attributed to 

the dither effect of noise in the circuit. 

Figure 31 shows response for the total servoactuator.    The curve is 

close to a second-order system with a natural frequency of 12 Hz and a 

damping ratio of 0. 2.    Figure 32 shows response from input to spool 

valve output for both cylinder-locked and cylinder-unlocked conditions. 

With the cylinder unlocked, the response is similar to the total 

servoactuator, except for a second higher frequency resonance asso- 

ciated with the valve.    With the cylinder locked, the lower frequency 

resonance associated with the spool and cylinder is eliminated leaving 

the higher frequency servovalve response. 

The performance of the servovalve and the servoactuator using the 

pressure control spool valve is also summarized in Tables 2 and 3. 

As was the case with the flow control spool configuration, the non- 

linearity is relatively large.    This is associated with both the hystere- 

sis and the rounding of the gain curve near full stroke.    Although the 

response of this configuration is high, the low damping ratio (see 

Figure 31) is an undesirable feature. 
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HIGH/LOW TEMPERATURE TESTS 

A problem of excessive gain change with fluid temperature variation 

was encountered with both servoactuator configurations.   The problem 

was traced to gain change in the orifice feedback network, which is 

also the cause of the gain change with supply pressure variation shown 

in Figure 23.    Gain of the fluidic amplifier elements decreased sub- 

stantially at low oil temperature,  particularly during the initial tem- 

perature tests when the FG1004AA06 amplifier design was used.    The 

short power nozzle FG1004AA05 design improved low temperature 

performance; however, the gain of the amplifier cascade still de- 

creases at low oil temperature. 

Figure 33 shows servoactuator gain change over the oil temperature 

range of 40° to 180oF for the two spool valve configurations.    The trend 

for the two configurations is similar.    The increase in gain with a 

decrease in oil temperature from 180° to 80oF is associated with gain 

change in the feedback network.   One problem is the small valves in 

the feedback network that are used to adjust the gain.   These valves, 

due to their design and small metering clearances, act as viscous 

resistors.    The result is higher feedback gain at high oil temperature 

where the viscosity is lower. 

The decrease in gain below 80C)F oil temperature is due to the decrease 

in amplifier gain.   The drop is much greater with the pressure control 

spool configuration because there is less feedback around the ampli- 

fiers. 

In addition to the effect of oil temperature on gain, both configurations 

exhibited null shifts of approximately ±100 percent of rated input over 
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the temperature range.   This is attributed to the input restrictors 

and the feedback network restrictors.    It is believed that improve- 

mertts in these resistor circuits would greatly improve both the gain 

and null bias characteristics of the servoactuator. 

Higher oil temperature (greater than 120oF) also had an effect on the 

stability of the pressure control spool configuration.   At these tem- 

peratures, the servoactuator had a tendency to oscillate at certain 

input signals,  indicating that the low damping ratio   decreases even 

further when the fluid viscosity is decreased.   One possible solution 

to this problem is the addition of a lag to the servovalve.   Because of 

the high response of this configuration,  it should be possible to add 

additional lag to stabilize the actuator and still meet the overall 

response goal.    Because of the instability problem at high oil tem- 

perature and the low gain at low oil temperature, it was not possible 

to obtain frequency response data at the temperature extremes. 

Response data was taken at 40° and 180oF fluid temperatures for the 

flow control spool configuration.   At 40oF the 3 dB attenuation fre- 

quency was less than 0. 5 Hz, while at 180oF fluid temperature it was 

approximately 2 Hz.   In both cases, this is a significant reduction 

from the nominal performance response.   Additional testing would be 

required to determine the cause of the response change with oil 

temperature. 
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SECTION IV 

PRODUCTION COST ESTIMATE 

The production cost for the servoactuator was estimated for quantities 

of 100,  300, and 500 units.    Because the units tested on this program 

were breadboard models and a production design was not defined, parts 

of approximately equivalent complexity from an earlier fluidic SAS 

program were used where definition of a particular part did not exist. 

The estimate includes cost for fabrication of the servoactuator parts, 

assembly of the unit, and acceptance testing. 

Table 4 is the servoactuator parts list used for the estimate.    Vendor 

quotes were obtained for the spool valve,  filter, O-rings,  and screws. 

TABLE 4.    PARTS LIST FOR PRODUCTION COST ESTIMATE 

Quantity Part/Assembly 

1 Spring-centered Cylinder Assembly 

1 Spool Valve (Moog Inc. ) 

1 Electroformed Manifold 

2 Fluidic Amplifiers 

1 Feedback Valve Assembly 

1 Filter Element 

1 Filter Retainer 

22 O-ring Seals 

8 Orifice Inserts 

10 Socket Head Screws (4-40) 

4 Socket Head Screws (8-32) 
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Because the two servoactuator configurations are so similar and the 

prices for the two spool valves (flow control and pressure control) 

were essentially the same, only one cost estimate was made.   It 

applies to either the flow control spool configuration or the pressure 

control spool configuration. 

The resultant cost estimates,  in 1978 dollars,  for the three quantities 

are given in Table 5. 

TABLE 5.    PRODUCTION COST ESTIMATES 

Quantity Price ($) 1 

100 

300 

500 

2,200      j 

1,950      i 

1,800 

These are the recurring costs for the unit, and they do not include the 

nonrecurring cost for the production design and the special tooling and 

test equipment that would be needed. 

For comparison, a fluidic input servoactuator of the type used for the 

fluidic SAS systems, which have been flown on helicopters, would have 

a production price (in quantities of 500) of approximately $3, 000, 

With the low-cost servoactuator design, a cost savings of approxi- 

mately 40 percent is achieved over the more conventional higher per- 

formance servoactuator. 
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SECTION V 

CONCLUSIONS 

• With only minor exceptions, both servoactuator configurations 

meet the performance objectives at nominal supply conditions. 

• Both configurations exhibit excessive gain and null variations 

over the 40° to 18OT fluid temperature range. 

• The flow control spool configuration is judged to be the better 

design due to its lower temperature sensitivity and better 

stability. 

• The estimated production cost for this servoactuator config- 

uration is approximately 40 percent less than the cost of 

presently used fluidic input servoactuators ($3, 000 versus 

$1,800). 

• To obtain acceptable temperature performance, further 

development is required to reduce the temperature sensi- 

tivity of the orifice feedback network and the fluidic ampli- 

fier cascade. 

• During the past ten years, a number of development programs 

have had as their objective either the improvement of the con- 

ventional fluidic input servoactuator design or the develop- 

ment of a new lower cost approach using more fluidic 
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elements.   Attempts to simplify the design, even at the 

expense of performance, have not been completely success- 

ful.   The conventional fluidic input servoactuator still pro- 

vides the best combination of performance and cost for the 

fluidic SAS application. 

77 



APPENDIX A 

SPECIFICATION FOR A LOW-COST 
FLUIDIC SERVOACTUATOR 

SPECIFICATION NO. DS 25761-01 

1.  SCOPE 

This specification establishes the requirements for a fluidic input, hydro- 
mechanical servoactuator for use in a hydrofluidic stability augmentation 
system. The servoactuator shall utilize a fluidic amplifier first stage 
driving a spool valve second sta^e which positions a spring centered cylinder. 
Simplicity and minimum cost commensurate vith essential servoactuator perfor- 
mance is the goal. This device Is a feasibility model in which the sub- 
assemblies shall be interconnected with tubing for ease of developmental testing. 

1.1 Classification 

The servoactuator described herein shall be classified as experimental, 
formance and configuration requirements shall be design goals. 

Per- 

2. APPLICABLE DOCUMENTS 

The following documents of the Issue in effect on the date of this specification 
■hall form a part of this specification to the extent specified herein. In 
the event of conflict between a referenced document and this specification, 
this specification shall be considered a superceding requirement; 

MIL-H-SUltOE   Hydraulic System, Aircraft Types I and II, Design, Installation 
and Data Requirements for 

MIL-H-5606G   Hydraulic Fluid, Petroleum Base, Aircraft and Ordinance 

3. REQUIREMENTS 

3.1 Item Definition 

The subject item shall consist of a pressure control servovalve which positions 
a spring centered cylinder. The servovalve first stage shall be a fluidic 
amplifier with the output driving the second stage spool valve. Servovalve 
output load pressure is fed back to the input to obtain a closed loop pressure 
control servovalve. The spring centered cylinder shall provide an output dis- 
placement proportional to cylinder port differential pressure. It shall also 
include an Integral center locking mechanism which locks the cylinder in Its 
centered position when hydraulic pressure is removed. 
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SPECIFICATION NO. D8 25761-01 

3.1.1 Block Diagram 

Input 
AP 

Fluidic 
Amplifier 

/  n 

Spool 
Valve 

Feedback 
Network 

-O Supply 

T—O Return 

Center Lock 

Cylinder —^Output 

3.1.2 Servoactuator Features 

The servoactuator shall Incorporate the following features: 

a. A fluidic amplifier consisting of two stages of the FGIOOUAAO6 design. 

b. A conventional four-way spool valve. Both a spring centered flow control 
spool valve and a pressure control spool valve shall be evaluated for 
this application. 

c. A MC1016AA01 spring centered cylinder with an integral center locking 
mechanism. 

d. A pressure feedback network consisting of an orifice and valve circuit 
which can be adjusted to vary the amount of negative feedback from the 
spool valve output to the fluidic amplifier input. 

e. Interconnections between the above sub-assemblies shall be made with 
standard tubing and fittings. 

3.1.3 Hydraulic Supply 

The subject equipment shall be designed to operate in a Type I (-65 to ♦l60 F), 
Class 1300 psi hydraulic system conforming to MIL-H-5M0. 
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SPECIFICATION NO. DS 25761-01 

3.2    Performance Characteristics 

3.2,1   Rated Test Conditions 

The servoactuator shall be tested under the following conditions unless 
otherwise specified. 

Hydraulic Fluid: MIL-H-5606 
Supply Pressure: 250 ♦ 50 psig 
Return Pressure: 0 • 30 psig 
Input Press. Level (Null): 5-15 psig above return 
Fluid Temperature: 100 ♦ lOOF 
Ambient Temperature: 70 ♦ 50F 

3.2.2 Leakage 

3.2.2.1 External Leakage 

External leakage shall not exceed one drop per hour past any dynamic seal 
with the item stationary and normal operating pressure applied. 

3.2.2.2 Internal Leakage 

3.2.3 

3.2.3.1 

Internal leakage from power supply to return shall not exceed 1.0 in. 
at rated test conditions. 

Servovalve Performance 

Pressure Gain 

/sec 

The servovalve blocked load pressure gain shall be 100 psi/psi + IOJ. 

3.2.3.2 Rated Input Signal 

The rated input or control signal shall be ♦ 2,0 psid. 

3.2.3.3 Flow Capacity 

Servovalve flow capacity shall be at least 0.5   in.J/sec   at   a   supply 
pressure   of   250   psig. 

3.2.3.'t    Threshold 

The servovalve threshold shall not exceed 0.05 psid input signal as measured 
from the pressure gain carve. 
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SPECIFICATION NO. PS 25761-01 | 

3.2.3.5 HystereslB 

Servovalve hysteresis shall not exceed 1« percent of rated Input signal. 

3.2.3.6 Null Bias 

The null bias shall not exceed ♦0.2 psld Input signal. Null bias Is 
defined as the Input signal where the cylinder port pressures are equal. 

3.2.3.7 Dynsmlc Response 

The servovalve shall have less than U5 degrees phase lag at an input 
frequency of 10 Hz vhen operated with a blocked load. 

3.2.1»    Servoactuator Performance 

3.2.M   Gain 

Servoactuator position gain shall be 0.10 Inches/psid +20'. 

3.2.1».2    Linearity 

All test points shall fall within a ♦0.015 inch band of the best straight 
line through the servoactuator gain curve. This requirement Includes 
servoactuator hysteresis. 

3.2.1».3 Actuator Stroke 

Actuator iraximum output stroke shall be ♦0.20 inches +5%. 

3.2.l».l» Output Force 

The actuator shall provide a stall output force of 2.0 pounds minimun 
at any commanded position. 

3.2.1».5 Actuator Velocity 

The servoactuator shall be capable of velocities of 2.0 inches/sec. 
nlnimum. 

3.2.1».6 Hull Hunting 

The hunting (noise) of the output shaft shall not exceed 0.01 Inches. 
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SPECIFICATION NO. DS 25761-01 1 
3.2.1».7 Mull Bias 

The actuator output shall not exceed ♦0.02 inches with the input signal 
at null. 

3.2.14.8 Null Shift with Temperature 

Actuator null shift due to fluid temperature, over the range from b(fiT 
to l80oF, shall not exceed ♦0.03 inch. 

3.2.1».9 Mull Shift with Supply Pressure 

Actuator null shift due to supply pressure change of ♦20? shall not exceed 
♦0.01 inch. 

3.2.1».10 External Load Resistance 

Actuator output notion, when subjected to an external force not exceeding 
the actuator full signal output force, shall be less than +0.010 inch. 

3.2.1«.11 Dynamic Response 

The servoactuator no load amplitude response shall have a -3db bandwidth 
of at least 3 Hz. 

3.2.1».12 Centering and Locking 

The actuator piston shall center and lock when hydraulic supply pressure 
falls below 50 psl. 

3.2.5 Environment Requirements 

3.2.5.1 Temperature 

The servoactuator shall meet the requirements of Par. 3.2.1» over the 
fluid temperature range of l»0oF to l80oK. 

3.3 Physical Characteristics 

3.3.1 Envelope 

The feasibility model servoactuator will be physically configured for 
ease of bench tcstinc and will not be an integrited package. 

3.J.2 Proof Pressure 

The servoncLjutor sh'ill withstand a proof pressure of 900 psi without 
evidence 0:' external leakage or pornanetit pprformnnce degradation. 
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APPENDIX B 

HISTORY OF FLUIDIC SERVOACTUATOR DEVELOPMENT 

During the past 10 years, a number of programs have included or have 

been specifically devoted to the development of fluidic servoactuators 

for flight control applications.   The earliest units were modifications 

of conventional servoactuators.    The modifications included the use of 

bellows to convert fluidic pressure signals to force on the armature 

of the flapper-nozzle valve and the use of mechanical spring feedback 

from the output shaft to the valve first stage.   One of the earliest 

examples of this was the servoactuator for a fluidic yaw damper sys- 

tem that was flown on an F101B aircraft in 1966.    In 1968, a hydraulic 

fluidic SAS that used a similar modified fluidic input servoactuator 
was flight tested on a UH-1 helicopter.   Both of these units were sup- 

plied by Hydraulic Research and Manufacturing Co. 

During the past 10 years, over 50 servoactuators of this type config- 

uration have been built and used on various fluidic SAS programs with 

generally good results.    However, during this same period, a number 

of development programs have had as their objective either the 

improvement of the standard fluidic input design or the development 

of a new, lower cost approach using more fluidic elements.   Following 

is a summary of these programs, the design approaches taken, and 

the problems that were encountered.   Table B-l presents a short sum- 

mary of this information. 

The first program in 1970 was performed by General Electric Co.   It 

included the modification of conventional Hydraulic Research fluidic 

input servoactuators to replace the second-stage spool valve with 
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fluidic vortex valves.    The performance was relatively close to that 

obtained with the conventional mechanization and was considered to 

be acceptable for fluidic SAS use.    From a complexity standpoint, 

the mechanization is not substantially better than the conventional 

design although it eliminates the moving part spool.   The trade-off is 

slightly better reliability for slightly decreased performance. 

The next program, conducted in 1973, replaced the bellows input and 

flapper-nozzle first stage with fluidic amplifiers and used fluidic 

feedback from a fluidic position transducer.   A second phase of this 

program,  conducted in 1976,  improved the amplifier design to reduce 

the number of amplifiers required and to reduce noise.   Nominal 

performance was satisfactory; however, gain change with fluid tem- 

perature variation was a problem.   This problem was traced to vis- 

cous resistance in the position feedback transducer.   From a com- 

plexity standpoint, the spool valve and cylinder are the same as those 

used in the conventional design, and the position transducer (a flapper- 

nozzle design) is approximately equivalent in complexity to the first- 

stage valve in the conventional servoactuator.    Therefore, the differ- 

ence is basically fluidic amplifier input versus bellows input.   The 

fluidic amplifier input eliminates the moving part bellows, but it re- 

quires that the pressure levels at the SAS output and the servoactuator 

input be matched for proper operation. 

The advanced hydrofluidic servovalve program conducted in 1974 was 

to incorporate a number of improvements in the conventional fluidic 

input servoactuator with the objective of improving reliability and per- 

formance.   The modifications include: 
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• Position feedback from the spool valve as well as from the 

actuator. 

• Electrodeposited nickel bellows force capsules for improved 

performance and size. 

• Porting isolation valves at the servovalve interface to prevent 

air insertion during installation. 

• Magnetic compensation to reduce the first stage stiffness-to- 

ground and thus increase the first-stage flow and pressure 

gain and improve overall servovalve response. 

The modified design provided somewhat improved performance; how- 

ever,  it showed that the basic physical restraint on servoactuator 

response and threshold is the available fluidic input signal and the 

output impedance of the driving fluidic amplifier.    From a complexity 

standpoint, the modified design was at least as complex as the conven- 

tional mechanization. 

The 1975 hydrofluidic servovalve program attempted to simplify the 

fluidic input servovalve design by replacing both the flapper-nozzle and 

spool valves with a single-stage poppet-type valve.    Problems were 

encountered in the adjustment of the poppets for proper operation, 

which prevented obtaining operational data on this mechanization. 

The final design approach is the one covered by this report.   The 

initial intent was to replace both the flapper-nozzle first stage and the 

spool second stage with a single fluidic amplifier cascade, and to 

replace the mechanical feedback actuator with a spring-centered 
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actuator.    Initial tests showed that this approach would not provide the 

desired dynamic response without using excessive flow.   Therefore, 

the second-stage spool valve was retained in the final mechanization. 

This approach has lower response and considerably lower stiffness 

than the conventional approach, and has a temperature sensitivity 

problem that must be resolved before use in actual fluidic SAS applica- 

tion.   From a complexity standpoint, this approach eliminates both the 

bellows input and the more complex position feedback at the expense 

of reduced performance. 
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LIST OF SYMBOLS 

2 
A cylinder area (in.   ) 

P 
F pressure-generated cylinder force (lb) 

P 
F spring-generated cylinder force (lb) g ^ 

K fluidic amplifier pressure gain (psi/psi) 
d 

Kf, pressure feedback gain (psi/psi) 

K, cylinder leakage (in. 3/sec/psi) 

K effective centering spring rate (lb/in.) 

K7 spring rate for each centering spring (lb/in. ) s 
K spool valve pressure gain (psi/psi) 

K' spool valve flow gain (in. ^/sec/psi) 

K9 zero load pressure droop (psi/in.   /sec) 

R spool valve output resistance (psi/in.   /sec) 
s 

S.F. servoactuator scale factor (in. /psi) 

T servoactuator time constant (sec) 

X. control linkage displacement (in. ) 

AP input to servoactuator (psi) 

AP fluidic amplifier output pressure (psi) 
^ 3 AQ fluidic amplifier output flow (in.   /sec) 

AX SAS actuator displacement (in. ) 

T droop time constant (sec) 

gg 8651-78 
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